Single-layer Pd membrane with the thickness of about 2.5 mm was successfully prepared by microfabrication technology. Hydrogen permeation of the as-prepared Pd membrane was investigated in the temperature range of 473-673 K under hydrogen transmembrane pressure of $40 kPa. Hydrogen permeation of Pd membrane with the thickness of 0.70 mm was also carried out for comparisons. It was found that the hydrogen permeability of the 2.5 mm-thick Pd membrane was about half of that of the 0.7 mm-thick Pd membrane. Surface resistance was less significant in hydrogen permeation through the thin microfabricated Pd membrane than thin Pd membranes supported by porous materials. Grain growth was observed in the thin microfabricated Pd membrane upon hydrogen permeation.
Introduction
Hydrogen permeation of thin Pd membranes has been an interesting topic for many years because Pd and Pd-based membranes have unmatched potential to be used as hydrogen separation membranes in many applications. 1) There are numerous literatures on hydrogen permeation of thin Pd membrane. 2, 3) Porous materials including ceramic and metal are used to mechanically support the thin Pd membrane in most literatures. [4] [5] [6] [7] Using the porous support, it is easy to prepare the thin Pd membrane with the thickness from several hundred nanometers to several microns. The thin Pd membranes have been successfully prepared on different porous support materials by physical and chemical deposition methods such as sputtering, CVD and electroless plating. However, it is difficult to get thin Pd membranes without pinhole and other defects. 8, 9) As a result, it is difficult to obtain complete hydrogen selectivity for the thin Pd membrane supported by porous materials. The pinholes mainly result from the rough surface of porous materials. Many efforts have been made to reduce the surface roughness of porous materials. 10) In addition, porous supports have resistance on hydrogen mass transfer. The resistance became significant when Pd membrane was several micrometers thick so that it is difficult to know hydrogen permeability of thin Pd membrane. Instead, hydrogen permeance of Pd coated composite membrane could be only available. The hydrogen permeance is determined not only by the thin Pd membrane but also the porous materials. The pore size and porosity of the support determine resistance to hydrogen mass transfer. Therefore, there is a large discrepancy among measured permeabilities of the thin Pd membranes from different literatures because of different porous materials as support. It is, however, necessary to know intrinsic hydrogen permeation of the thin Pd membrane for many applications, particularly for micro membrane reactor technology, which becomes more and more attractive for portable applications. 11, 12) Such knowledge is also helpful for us to further understand the hydrogen permeation of the Pd-coated porous composite membranes.
In this work, a 2.5 mm-thick Pd membrane was prepared using microfabrication technology. The thin Pd membrane was supported by Ni metal with channel structure so that there would be no resistance to hydrogen mass transfer during its hydrogen permeation. Therefore, it was possible to know the intrinsic hydrogen permeation characteristics of the thin Pd membrane. In addition, the excellent mechanical properties of Ni metal made it possible to use conventional gas permeation method for characterization of the thin Pd membrane so that the results of this work could be compared with literature results. Figure 1 shows the fabrication procedure of thin Pd membrane. A 2.5 mm-thick Pd membrane was prepared using d.c. sputtering method. A 99.99% pure Pd target was used. The thin Pd membrane was supported by a 50 mm-thick Ni layer with channel structure. Nickel metal was chose because it has excellent mechanical properties and much lower permeability than Pd metal. 13) Hydrogen permeation through the Ni layer could be negligible relative to that through the thin Pd membrane. It could be draw the conclusion that hydrogen could only permeate through the thin Pd membrane, as shown in Fig. 1(h) . In essential, the thin Pd membrane supported by Ni metal could be regarded as single-layer Pd membrane during hydrogen permeation. A 0.7 mm-thick Pd membrane was also prepared from commercially sheet for comparisons.
Experimental
Hydrogen permeation was carried out in a conventional gas permeation apparatus using pure hydrogen.
14) Aluminum gaskets were used for gas-tightness. The permeation temperature range was 473-673 K. Membrane sample was loaded into the permeation system and annealed in vacuum at 673 K for 30 min. After the gas-tightness and leakage evaluation, both the upstream and downstream side of the permeation system were opened to air for 5 min as baking treatment to remove the contaminations on the thin Pd membrane. The hydrogen permeation experiments were carried out in the temperature range of 473-673 K. The downstream side was kept in continuous evacuation so the downstream pressure could be regarded as zero. The maximum upstream pressure of hydrogen was 40 kPa. The effective permeation area of the as-prepared Pd membrane was investigated under SEM. It was about 5.54 mm 2 . The hydrogen permeability of the thin Pd membrane was measured using the following equation:
where È, F, L, A, P U and P D denote permeability, permeation flow, membrane thickness, upstream pressure and downstream pressure. Since the downstream side was kept in vacuum in this work, the eq. (1) could be rewritten as follows:
Samples were examined by XRD and SEM. Figure 2 shows XRD patterns of the thin Pd membrane asprepared and after permeation experiments. The thin Pd membrane was polycrystalline with (1 1 1) orientation. There was no noticeable difference between XRD patterns of the thin Pd membrane before and after permeation experiments except that the (1 1 1) peak shifted to the higher angle owing to the annealing effect during the permeation. Figure 3 is SEM morphology of as-prepared Pd membrane. The Pd membrane was dense and pinhole-free. Figure 4 shows cross-sectional images of the thin Pd membrane with Ni support. The thickness of Pd membrane was about 2.5 mm [as seen in Fig. 4(a) ]. There was deformation in the Pd membrane in Fig. 4(b) , which mainly resulted from the residual stress of the Pd membrane formed during the microfabrication procedure. It was found that the thin Pd membrane had excellent mechanical performance during the preparation of cross-sectional sample. We could draw the conclusion that single-layer thin Pd membrane was successfully prepared by the microfabrication procedure demonstrated in Fig. 1 . Figure 5 shows SEM images of the thin Pd membrane after hydrogen permeation experiments at the temperature range of 473-673 K. It could be seen that grain size was different at the upstream and downstream side of the thin Pd membrane after permeation experiments. The grain sizes of the Pd membrane at the upstream side were in the range of 0.2-1.5 mm, while those at the downstream side were in the range of 0.5-5 mm. This was consistent with our previous work in which it was shown that the grains of Pd film at the downstream side were bigger than those at upstream side upon permeation; 15, 16) the grain growth had occurred during permeation. From different grain sizes at upstream and downstream side, it could be inferred that grain growth had occurred during the hydrogen permeation in this work. The biggest grains of the thin Pd membrane were seven or even ten times larger than the smallest ones, suggesting that secondary grain growth had occurred. It was possible to suppress the grain growth of the Pd membrane through the addition of silver element to Pd metal. 15) It is unclear whether the grain growth was benefit or not to hydrogen permeability of metals. 17, 18) It was found that hydrogen permeation in PdAg alloy membrane was improved when the Pd-Ag grain size increased from about 20 to 60 nm, 17) while hydrogen permeation in nanocrystalline Ni with the grain size of about 100 nm was remarkably larger in comparison with microcrystalline Ni with the grain size of about 2 mm. Figure 6 is Arrhenius plot of temperature dependence of hydrogen permeability of the thin and thick Pd membrane prepared in this work. The hydrogen permeability of the 0.7 mm-thick Pd membrane was slightly higher than the literature results. 19) The hydrogen permeability of the 2.5 mmthick Pd membrane was lower than that of the 0.7 mm-thick Pd membrane. It was about 50-60% of the latter. For example, hydrogen permeability of the 2.5 mm-thick Pd membrane was 6:98 Â 10 À9 mol H 2 m À1 s À1 Pa À0:5 at 673 K, while that of the 0.7 mm-thick Pd membrane was about 1:32 Â 10 À8 mol H 2 m À1 s À1 Pa À0:5 . Hydrogen permeation through dense solids could be described by the following equation,
Results and Discussion
where J, P U , P D and n are permeation flux, upstream pressure, downstream pressure and pressure exponent. Since the downstream side was kept in vacuum during the permeation, the eq. (3) was rewritten as follows:
If the hydrogen permeation was bulk-diffusion limited, the pressure exponent was 0.5. If the hydrogen permeation was surface-reaction limited, the pressure exponent was 1. Table 1 lists the pressure exponent of hydrogen permeation of the thin Pd membrane prepared in this work. The pressure exponent was calculated from the pressure dependence of hydrogen permeation flux through the 2.5 mm-thick Pd membrane. The exponent decreased from 0.86 to 0.73 with increasing temperature, suggesting that surface resistance was significant at low permeation temperature and became less with increasing the temperature. As a result, the temperature dependence of hydrogen permeability of the 2.5 mm-thick Pd membrane had no linearity as well as that for the 0.7 mm-thick Pd membrane. In Fig. 7 , the present results are compared with the hydrogen permeabilities of thin Pd membranes with the thickness below 10 mm in the literature. The numbers in the figure are the thickness of Pd membrane. To our knowledge, the thin Pd membrane prepared in this work had the highest permeability. There was great discrepancy among measured hydrogen permeabilities in the literature. The difference between the highest and the lowest values was three order and more. The hydrogen permeance of 4-mm thick Pd membrane measured by Souleimanova et al. 22) Except for the thin Pd membrane prepared in this work, the other thin Pd membranes were supported by porous materials. Table 1 summarizes the pressure exponent obtained in the present work comparing with those in the literature. There was no temperature dependence for pressure exponent of hydrogen permeation through thin Pd membranes supported by porous materials; 22, 25) the exponent was 1 in temperature range of 295-873 K. Therefore, hydrogen permeation of thin Pd membrane on porous materials was 31) This is supported by the results of this work. The pressure exponent was about 0.77 at 573 K, suggesting that the hydrogen permeation through the thin Pd membrane prepared by microfabrication method was not completely surface-reaction limited. The surface resistance reduced with increasing temperature. It indicated that the resistance of porous materials was so significant that it was difficult to know intrinsic hydrogen permeation behavior of Pd materials when membrane thickness was less than 10 mm.
Conclusions
Single-layer dense Pd membrane with the thickness of about 2.5 mm was successfully prepared using microfabrication technology. The pressure exponent of hydrogen permeation through the thin Pd membrane decreased from 0.86 to 0.73 when the permeation temperature increased from 473 to 673 K, suggesting that surface resistance becomes less significant with the increasing temperature. This work showed that it is possible to prepare single-layer thin metallic membrane using microfabrication technology for hydrogen permeation investigation. 
